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Abstract: In this paper, synthesis and characterization of a novel CeO2 /nanoclay nanocomposite (NC)
and its effects on IFT reduction and wettability alteration is reported in the literature for the first
time. The NC was characterized using scanning electron microscopy (SEM), X-ray diffraction (XRD),
Fourier-transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), energy-dispersive
X-ray spectroscopy (EDS), and EDS MAP. The surface morphology, crystalline phases, and functional
groups of the novel NC were investigated. Nanofluids with different concentrations of 100, 250, 500,
1000, 1500, and 2000 ppm were prepared and used as dispersants in porous media. The stability,
pH, conductivity, IFT, and wettability alternation characteristics of the prepared nanofluids were
examined to find out the optimum concentration for the selected carbonate and sandstone reservoir
rocks. Conductivity and zeta potential measurements showed that a nanofluid with concentration of
500 ppm can reduce the IFT from 35 mN/m to 17 mN/m (48.5% reduction) and alter the contact angle
of the tested carbonate and sandstone reservoir rock samples from 139◦ to 53◦ (38% improvement
in wettability alteration) and 123◦ to 90◦ (27% improvement in wettability alteration), respectively.
A cubic fluorite structure was identified for CeO2 using the standard XRD data. FESEM revealed that
the surface morphology of the NC has a layer sheet morphology of CeO2 /SiO2 nanocomposite and
the particle sizes are approximately 20 to 26 nm. TGA analysis results shows that the novel NC has
a high stability at 90 ◦ C which is a typical upper bound temperature in petroleum reservoirs. Zeta
potential peaks at concentration of 500 ppm which is a sign of stabilty of the nanofluid. The results
of this study can be used in design of optimum yet effective EOR schemes for both carbobate and
sandstone petroleum reservoirs.
Keywords: clay nanocomposite; enhanced oil recovery; nanocomposite; synthesis; characterization;
nanofluid; interfacial tension; wettability alteration; carbonate reservoirs; sandstone reservoirs
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1. Introduction
The global demand for energy resources is increasing steadily due to the world population growth
and higher energy demands from developing economies. Petroleum will make up a notable part of
the energy consumption in the decades to come, 40–60% in different scenario, despite the fact that
production from existing reservoirs is declining rapidly over time and new discoveries are not able to
close the gap [1]. The residual oil trapped in the rock and the resistant forces prevent further petroleum
production at desired rates. Well over 50% of the oil in place in reservoirs is trapped in pores and
cannot be produced through natural depletion. After primary stage of production, water and gas
injection practice is common for pressure maintenance and enhanced oil recvery [2]. On average,
the cumulative recovery factor (RF) during both primary and secondary stages of oil recovery does
not exceed 30% [3]. Hence, application of more effective and efficient enhanced oil recovery (EOR)
processes is inevitable [4,5].
Enhanced oil recovery (EOR) processes focus on overcoming these preventive and advective
phenomena to enhance the petroleum recovery and increase the cumulative recovery factor from the
reservoir. A process involving injection of fluids into a petroleum reservoir to overcome resistant forces
by way of interacting with rock-oil-water system to improve the petroleum production is known as an
enhanced oil recovery or EOR process [3]. Application of EOR techniques can potentially increase the
ultimate RF by 30–60%. EOR methods can be classified into three major classes: chemical, gas injection,
and thermal methods. Depending on the EOR method used, they can enhance the oil recovery once
introduced to a reservoir by reducing the oil viscosity, and altering viscous forces and the bond between
oil-water-rock facilitating the mobility of the residual oil [6,7].
Application of nanoparticles (NPs) and nanocomposites (NCs) to enhance oil production in
various EOR methods has been a subject of interest for researchers [8,9]. Polymers, surfactants, NPs,
NCs, or a combination of these materials is commonly used in chemical EOR methods to enhance
the incremental oil recovery [10]. Adding chemical agents such as polymers can help to improve the
performance of the EOR processes via increasing the water viscosity to resolve the mobility ration issue
and enhance the macroscopic displacement by adding the polymer to the injection solution into the
reservoir [11]. Injection of surfactant can reduce the interfacial tension (IFT) between the water and oil
which can improve the microscopic displacement during the EOR process [12]. Surfactants can also
affect the wettability of the reservoir rock towards a more water-wet state, which can lead to increase
in oil production [13–15]. In addition, nanoparticles used in EOR process are environmental friendly
and can reach the reservoir rock better because of their small size [16].
NPs used in EOR process can be classified into four groups: natural, inorganic, metal oxide,
and magnetic [9]. NPs are used for preparation of nanofluids, nanoemulsions, and nanocatalysts used
in EOR processes [17]. Nanofluids contain at least one added material of less than 100 nm in size and are
used as a base fluid in EOR processes [9]. Nanoemulsions used in EOR processes contain materials of
50–500 nm in size [9]. However, they are usually larger than 100 nm in size. Nanocatalysts are typically
used to reduce the oil viscosity during steam injection processes (i.e., thermal oil recovery commonly
used for extraction of heavy, extra heavy oil, and bitumen) [18]. The particle size is essential in chemical
EOR processed because particles may block the pore space and reduce porosity and permeability of
the reservoir. However, thanks to very small size of NPs which is on the range of 1–100 nm, injecting
them as an additive to chemical EOR processes does not impair the reservoir porosity and permeability
and at the same time can assist in mobilizing and displacing the residual oil [9]. Nanocatalysts have a
higher contact surface than conventional catalysts [19]. This implies that the NPs assisted chemical
EOR process leading to an increased oil recovery can reach a much bigger area of the reservoir [17].
The cost of NPs is also less than chemical materials. Hence, adding NPs to chemical EOR processes
and further optimizing the process can reduce the cost of production of the EOR oil [20,21].
Application of NPs and NCs to enhance and optimize oil recovery processes has been a subject of
research interest in the past few decades. Several scientists have investigated the mechanisms by which
NPs and NCs assist in increasing oil recovery. NPs can affect the reservoir rock and fluid via alteration of
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oil viscosity, IFT, reservoir rock wettability, electrostatic forces, and control of fines migration [18,22–26].
Some of the mechanisms are reviewed and summarized in Table 1. Application of CeO2 can reduce
the IFT and change the viscosity. But, it has a samll effect on wettability alteration [9,27]. Nanoclays
due to their layered structure and rheological properties can affect the wettability alteration and
viscosity [28,29].
Table 1. A summary review of some previous studies reported on application of nanoparticle in
EOR processes.
Year [Reference]

Author

Material

2001 [30]

Alomair et al.

SiO2 , Al2 O3 , and NiO

2008 [31]

Jiang et al.

Fe2 O3 /Fe3 O4

2009 [32]

Shah et al.

CuO NP

2010 [33]

Yuan et al.

Polymeric microspheres
and nanospheres

2012 [34]

Bagherzadeh et al.

MgO, Al2 O3 , CeO2 , CNT,
SiO2 , TiO2 , CaCO3 , ZrO2

2013 [18]

Hendraningrat et al.

Al2 O3 , TiO2 , SiO2

2015 [34]

Roustaei et al.

Nanofluid with SiO2 NPs

2014 [35]

Mohsen Seid
Mohammadi et al.

γ-AL2 O3

2015 [36]

Adel et al.

Al2 O3 and SiO2
and nanofluid

2015 [37]

Maghzi et al.

SiO2 NPs

2016 [38]

Kapusta et al.

SiO2

2016 [19]

Assef et al.

MgO on LoSal water
flooding

2019 [39]

Bahraminejad et al.

CuO/TiO2 /PAM

2020 [40]

Nowrouzi et al.

TiO2 , MgO, γ-Al2 O3

Result
SiO2 and NiO NPs have the highest and lowest
effect on IFT reduction, respectively. The low
IFT reduction by NiO NPs is attributed to the
high adsorption of the NiO NPs on the
rock surface.
Iron Oxide can increase the RF up to 82.5%
under laboratory conditions.
Can increase oil recovery from heavy
oil reservoirs.
Can reduce the water cut and increase the
sweep efficiency and oil recovery.
Applied in both carbonate and sandstone core
samples. CaCo3 and SiO2 generally had the
highest recovery factor. MgO nanoparticles can
prevent fines migration.
Nanofluids containing Al2 O3 can change the
wettability of sandstone cores from oil-wet to
water-wet. TiO2 can alter the wettability of
quartz plate to water-wet better than Al2 O3
and SiO2 .
SiO2 NPs can be considered as potential
wettability modifiers.
Υ-AL2 O3 adsorption on calcite surface can alter
the wettability from an oil-wet to a water-wet
and increase the RF from 11.25% to 65%.
IFT reduction occurs when each of the NPs are
added to the brine. Al2 O3 nanofluid had higher
IFT compared to SiO2 . Hence, Al2 O3 has a
lower potential to produce more oil compared
to SiO2 .
SiO2 NPs can change the wettability from
oil-wet to water-wet irrespective of the
oil viscosity.
SiO2 can alter the wettability of an oil-wet and
mixed-wet calcite layer. The NP adsorption
occurs on the surface and it is irreversible.
Adding MgO NPs into a low salinity solution
leads to more positive zeta potential in the
porous medium.
This nanocomposite can reduced water−oil IFT
by about 46% at a low concentration of
200 ppm and can change the wettability of
carbonate rocks from oil-wet to strongly
water-wet (from 151◦ to 14.7◦ ).
TiO2 NPs can change the wettability from
oil-wet to water-wet and increase the recovery
factor up to 75.93%.

Synthesis and application of environmentally green nanocomposites with applications for various
purposes including EOR and developing drilling muds has been a subject of research interest for
researchers. In a recent study, researchers introduced a green nanocomposite synthesized using
combination of cellulose nanocrystals with graphene-based materials. The nanocomposite showed
excellent physical and chemical characteristics. However, the researchers did not use it for EOR.
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Such nano-materials have potential to be used EOR agents. This is require further research to
understand the performance of the new nano-material for EOR purposes [41]. In another recent
publication, researchers provided a very comprehensive review of chemistry, structure, and applications
of nanocomposite from biorenewable sources. This work can serve as a good basis for EOR scientists for
synthesis, characterization, and application of novel and existing bio-nanocomposites as environmental
friendly chemical EOR agents [42].
Several studies on application of various nanoparticles combined with polymers and surfactnats
as chemical additivies for EOR processes are reported in the literature. Researchers have investigated
the the feasibility of EOR by using core-shell polymeric nanoparticles suspension in a low permeability
heterogeneous oil reservoir [43]; conducted some high temperature (120 ◦ C) corefloods to study the
feasibility of using cellulose nanocrystals as additives to enhance the oil recovery of EOR processes [44];
used coreflooding and microfluidics to assesse the possibility of application of nanocellulose as an
additive to enhance the efficiency of waterflooding [45]; conducted secondary and tertiary corefloods
with polymer-coated silica nanoparticles on neutral-wet Berea sandstine samples saturated with a
North Sea crude oil under ambient conditions and evaluated the factors affecting oil recovery [46];
reported experimental and filed scale research on design and application of nanofluid for EOR purposes
aiming at understandibg the interactions between surfactant-nanoparticle and brine [47]; studied silica
nanoparticles’ stability under reservoir conditions for EOR purposes [48]; investigated the relations
between pore size distribution and oil-water relative permeability on effectivenese of anionic surfactant
and silica nanoparticles in EOR processes in carbonate petroleum reservoirs. Researchers have recently
investigated the possibility of coupling conventional nanofluid flooding with electromagnetic waves
of varying frequencies to boost the oil mobility in the porous media and alter the oil-nanoparticle
interface to facilitate detachment of oil droplets from the rock surface and to encourage their flow
into the production well. The experimental investigation involved conducting displacement tests in
water-wet sandpacks at 95 ◦ C using alumina nanofluids in four different transition phases and particle
sizes ranging from 25 to 94.3 nm. A crude oil obtained from Tapis (Malaysia), was used in the study.
The electromagnetic waves assisted nanofluid flooding proved more effective compared with the
conventional nanofluid flooding (i.e., no electromagnetic waves) by improving the oil recovery factor by
additional 4.12 to 12.9% of the OOIP. The researchers concluded that the hybrid EOR process is frequency
dependent. They also have attributed the observed flow enhancement to an electrorheological effect
induced by the electromagnetic waves applied and disturbances in the oil-nanoparticle interface caused
by deformation of the oil droplet [49].
Very few stuide are also reported in the literature on potential application of nanoparticles in
processes related to thermal EOR. An optimization study is reported on use of CeO2 nanoparticles with
different metal oxides to maximize catalytic steam decomposition of asphaltenes at low temperature to
investigate the effects of using nanopartciles on improving the efficiency of steam injection as a thermal
EOR method for recovery of heavy oil and bitumen [48]. Regenerating impacts of NiO-PdO/CeO2±δ
nanocomposite on adsorption behaviour and decomposition of n-C7 asphaltenes during steam
gasification processes was also investigated by some researchers. The asphaltenes exhibited high
adsorption affinity to the surface of the nanoparticles despite a slight reduction in the catalytic activity
and adsorption capacity of the nanoparticles.
Studies on the application of nanoparticles for enhancement of conformance conrol in EOR
operations has been reported in the literature as well. The effect of nanoparticles with various chemistry
on stability and rheology of acrylamide sodium acrylate copolymer/chromium (III) acetate gel for the
purpsoe of conformance control in EOR operations were investigated [50]. Synthesis of multipurpose
terpolymers based on styrene, tert-butyl methacrylate, and glycidyl methacrylate and their modification
non-covalent functionalization of carbon nanotubes is reported in the literature. Some of the polymers
showed a good thickening properties with potential applications in water rheology control for EOR
purposes (i.e., waterflooding in heavy crude oils) [51].
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Some fundamental researches were also reported in the literature on investigatin of behaviour of
nanomaterials in porous media and exploring the mechanisms involved in EOR processes. The transport
behavior and retention of nanocellulose in porous media, sandpacks and Berea sandstone cores, as a
potentail chemical additve to some EOR processes (i.e., waterflooding) was investigated. The researchers
concluded that during low salinity waterflooding, adsorption was the dominant retention mechanism.
Log-jamming was reported to be the dominant retention mechanism as the water salinity increased
duing the experiments. Salinity was identified as the major factor affecting transport properties.
Higher flow rates also were found effective to lessen both retention and permeability reduction [52].
Micromodels were used to visually study the impacts of using nanopartciles on performance of
polymer flooding in water wet porous media. They concluded that the biopolymer content did not
help nanoparticles to reduce the IFT. In addition, a homogenous dispersion of the nanoparticles in the
solution and a reduction in the polymer adsorption was observed that can explain the enhancement in
the sweep eciency and oil recovery [53].
To the best of our knowledge, synthesis and caracterization of a CeO2 @nanoclay NC to combine
the advantages of both CeO2 (in reducing the IFT and viscosity) and nanoclays (in altering the
wettability) to enhance and optimize EOR processes is not reported in the literature yet. Biosynthesis
and characterization of the novel CeO2 /nanoclay NC and its effects on IFT reduction and wettability
alteration using state-of-ther-art laboaratory facilities such as scanning electron microscopy (SEM),
X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), thermogravimetric analysis
(TGA), energy-dispersive X-ray spectroscopy (EDS), and EDS MAP is being reported in the literature
for the first time.
This paper is organized in two parts. In the first part, synthesis and characterization of a novel
CeO2 @Nanoclay by using the state-of-the-art laboratory facilities listed above is presented. In the
second part, different concentrations of the novel nanoclay nanocomposite was used to prepare
nanofluids with different concentrations of 100, 250, 500, 1000, 1500, and 2000 ppm. Then, stability,
pH, conductivity, IFT, and wettability alternation characteristics of the nanofluids as factors affeting
performance of EOR processes were tested to determine optimum concentration of the NC for EOR
purposes in the selected carbonate and sandstone reservoir rock samples. The results obtained from
this study then are discussed in detail. The outcome of this study can be used in design of optimum
and effective EOR schemes for both carbobate and sandstone petroleum reservoirs.
2. Materials and Methods
In this section the materials used in this study such as crude oil and reservoir rock samples
are described.
2.1. Materials
2.1.1. Crude Oil
The crude oil used in his study is a dead crude oil collected from the Gachsaran reservoir in SW
Iran. The crude oil has an acidity of 3.7 mg KOH/g, density of 0.84 g/cm3 and the viscosity of 40 cP.
The results from the analysis of the dead oil are presented in Table 2.
Table 2. Properties of the crude oil used in this study.
Component
Molar %

C1

C2

C3

iC4

nC4

iC5

nC5

C6

0.00 0.08 0.73 0.72 2.22 1.10 1.10
8.66
Molecular weight (MW) = 247
12
Molecular weight of C+ = 380
Specific gravity of C12 + @ 15.55 ◦ C = 0.9369
Saturation pressure of reservoir fluid @ 60.6 ◦ C = 14.04 MPa

C7

C8

C9

C12 +

Total

9.32

6.60

7.14
5.36
5.01
51.96
SARA analysis of oil sample

100.0

Saturates (%)
45

C10

Aromatics (%)
32

C11

Resins (%)
5

Asphaltene (%)
8
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2.1.2. Reservoir Rock Samples
In this study, two reservoir rock types were used in this research work: 1- a carbonate rock
obtained from the Asmari Carbonate Formation outcrop in Southwestern Iran. This carbonate rock
contains 95% carbonate calcium. 2- a sandstone reservoir rock obtained from the Aghajari Formation
outcrop in Southwestern Iran. The rock contains 63% SiO2 and 37% CaCO3 .
2.1.3. Aqueous Phase
Distilled water was used to prepare the nanofluid which has a density of 0.998 g/cm3 . The electrical
conductivity of the distilled water is 38–41 µs/cm and has a pH of 7.02.
2.2. Synthesis of CeO2 @Nanoclay Nanocomposite
In this research work, we synthesized and used a novel nanocomposite (CeO2 @nanoclay)
The method of preparation and synthesis of this material is as follows: Capsicum frutescent from
the Solanaceae family is a genus of flowering plant that widely cultivated in South East Asia and
South America [54]. The plant is a rich source of antioxidants and commonly is used as a spice,
and as an antibacterial, antimicrobial, and antibiotic herb [55]. The plant extract is enriched by many
valuable antioxidant and other types of phytochemicals such as vitamins A, E, C, K, B6, folic acid,
niacin, and caffeic acid, caproic acid, capsaicin, dihydrocapsaicin, cinnamic acid, para-coumaric acid,
ferulic acid, mevalonic acid, pyrazine derivative, calcidiol, kaempferol derivative, quercetin derivative,
and lipids. Thus, concerning this valuable content of phytochemicals, we decided to use the plant
extract as a green media containing reducing, stabilizing, and capping agents [56,57].
2.2.1. Preparation of the Plant Extract
First, 50 g of dried powder of the Capsicum frutescent leaves was mixed with 400 mL of distilled
water at 80 ◦ C for 30 min. Then, the aqueous extract was filtered and stored at 4 ◦ C for further use in
the experiment.
2.2.2. Synthesis of CeO2 @Nanoclay NCs
First, 2 g of Ce(OH)3 was mixed with 100 mL of the Capsicum frutescent extract; then, 10 g of
nanoclay was added to the mixture while stirring at 80 ◦ C for 10 h at pH of 9. The particles precipitated
at the bottom of the container were separated, dried, and kept for use for the experiments. A possible
chemical reaction mechanisms for the synthesized nanocomposute in presented in Scheme 1.
2.3. Nanofluid Preparation
To prepare nanofluids with concentration of 100, 250, 500, 1000, 1500, and 2000 ppm, the required
amount of nanocomposite was measured using a digital scale and then homogenized using N ultrasonic
disperser and vigorous magnetic agitation. Then deionized water (DW) was added to the mix and
was stirred for 1 h at 70 ◦ C by using a magnetic stirrer ensure complete dissolution of the particles
in the solution. Then the solution was placed into an ultrasonic device (200 W UP200H, Hielscher,
Teltow, Germany) for 1.5 h to increase the stability of the solution for testing. Afterward, nanofluid
solutions were prepared at different concentrations and their density was measured by suing a
densitometer (KEM DA-650 Density/Specific Kyoto Electronics, Tokyo, Japan). pH tests were also
conducted with a pH meeter to measure acidity of the solutions (Mettler Toledo, Columbus, OH,
USA). Conductivity measurements were also carried out to determine salinity of the solutions, their
ionic strength, and electrical resistance of each solution (model cond7310, WIW Company, Weilheim,
Germany). In the final step, zeta potential measurements were done to assess the stability of nanofluid
that is considered as an important parameter in the laboratory investigation of EOR process (Zetasizer
Nano ZS90, Malvern, UK).

2.2.2. Synthesis of CeO2@Nanoclay NCs
First, 2 g of Ce(OH)3 was mixed with 100 mL of the Capsicum frutescent extract; then, 10 g of
nanoclay was added to the mixture while stirring at 80 °C for 10 h at pH of 9. The particles
precipitated at the bottom of the container were separated, dried, and kept for use for the
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3. Evaluation of the Nanofluids
2.3. Nanofluid Preparation
In this section, some properties of the prepared nanofluids such as interfacial tension (IFT) which
are very important in performance assessment of EOR processes are measured.
3.1. IFT Measurement
Interfacial tension or IFT plays an important role in performance of many EOR process involving
injection of chemicals into an oil reservoir. Hence, the effect of injection of chemical agents on IFT
should be investigated in laboratory. In this research work, IFT measurement tests were conducted
using a VIT-6000 system (EOR Fars, Shiraz, Iran). The setup is designed to measure IFT by using
the pendant drop method for liquid-liquid and liquid-gas (drop) at pressures and temperatures up
to 400 bars and 150 ◦ C, respectively (Figure 1). The apparatus can measure both IFT and contact
angle using an online image capturing system capable of recording data under a given pressure and
temperature, periodically. The test is conducted via injection of a drop into a bulk phase under a given
pressure and temperature. For contact angle measurement, the drop is placed on a plane solid sample.
Before the pendant drop test, the VIT-6000 device is cleaned. The VIT-6000 is calibrated with IFT
measurement between the toluene and water that is about 30 mN/m.
First nanofluid solution and crude oil are prepared. Then, their solution is poured into a solution
injection chamber and the crude oil is poured into another injection chamber. The brine or nanofluid
is pumped from the injection chamber into the main chamber of the device. The main chamber fills
with brine or nanofluid. The crude oil is injected from the injection chamber into the needle device;
then, a drop of the crude oil on the needle of the device is hung to the brine or nanofluid solution.
The camera captures and sends the image of the crude oil drop inside the brine or nanofluid to the
computer. Then, the software processes the image and determined the IFT value.
3.2. Contact Angle Measurement
Reservoir rock wettability plays a pivotal role in oil displacement process through porous media.
The pore space in a petroleum reservoir is filled with more than one fluid where each has a different
surface adherence tendency. Hence, there is a competitive condition where different fluids stick to
the rock surface with different intensities. Therefore, each makes a different contact angle with the
rock surface that is a measure of wettability of the rock surface. Wettability alteration in a petroleum
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reservoir from oil-wet towards water-wet is one of the main mechanisms in petroleum production of
Nanomaterials 2020, 10, x
8 of 26
oil
by using nanofluids in both carbonate and sandstone reservoirs [18].

Figure 1. The VIT-6000 apparatus used in this research work for IFT and contact angle measurements.
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In this section, the effect of different prepared nanofluid solutions on wettability alteration of the
reservoir
rocks
tested
in this study are investigated. Contact angle measurement tests were conducted
3.2. Contact
Angle
Measurement
at room temperature. For this purpose, first some oil-wet thin sections were prepared. This was
Reservoir rock wettability plays a pivotal role in oil displacement process through porous media.
achieved by placing the thin sections into a crude oil container and then placing the container in the
The pore space
in a petroleum reservoir is filled with more than one fluid where each has a different
oven at 80 ◦ C for 7 days to become completely oil-wet (Figure 2). In the next step, the thin sections
surface adherence tendency. Hence, there is a competitive condition where different fluids stick to
were removed from the container, rinsed with kerosene, and dried. Then, the thin sections were placed
the rock surface with different intensities. Therefore, each makes a different contact angle with the
in a container and the container was filled with kerosene, and nanofluid solution for 48 h. The droplets
rock surface that is a measure of wettability of the rock surface. Wettability alteration in a petroleum
were dropping from the needle and were placed on the surface of the thin section. At the beginning of
reservoir from oil-wet towards water-wet is one of the main mechanisms in petroleum production of
the test, the contact angle was measured in presence of all nanofluids. The purpose was to determine
oil
by using 2020,
nanofluids
in both carbonate and sandstone reservoirs [18].
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the best concentration of nanofluid.
In this section, the effect of different prepared nanofluid solutions on wettability alteration of
the reservoir rocks tested in this study are investigated. Contact angle measurement tests were
conducted at room temperature. For this purpose, first some oil-wet thin sections were prepared.
This was achieved by placing the thin sections into a crude oil container and then placing the
container in the oven at 80 °C for 7 days to become completely oil-wet (Figure 2). In the next step, the
thin sections were removed from the container, rinsed with kerosene, and dried. Then, the thin
sections were placed in a container and the container was filled with kerosene, and nanofluid solution
for 48 h. The droplets were dropping from the needle and were placed on the surface of the thin
section. At the beginning of the test, the contact angle was measured in presence of all nanofluids.
The purpose was to determine the best concentration of nanofluid.

Figure 2. A schematic of the thin section rock aging setup and the workflow used for preparation of
Figure 2. A schematic of the thin section rock aging setup and the workflow used for preparation of
rock samples for contact angle measurement.
rock samples for contact angle measurement.

4. Results and Discussion
In this section, the results obtined from this experimental reserch work are presented and
discussed. First, different characteristics of the synthesized novel CeO 2@nanoclay such as surface
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4. Results and Discussion
In this section, the results obtined from this experimental reserch work are presented and discussed.
First, different characteristics of the synthesized novel CeO2 @nanoclay such as surface morphology,
crystalline phases, and functional groups are described and discussed using data obtaoined from
various state of the art analytical methods used such as XRD, FTIR, FESEM, TGA, DES, and EDX MAP.
Then, various properties of the nanofluids prepared by using different concentratioins of the novel
CeO2 @nanoclay such as density, pH, viscosity, conductivuty, IFT, zeta potential, and contact angle
along with their effect on IFT and wettability charateristics of the stuided reservoir rocks are presented
and discussed. The later section aims at understanding the effects of using the novel CeO2 @nanoclay
on improvent of oil recovery from both sandstone and carbonate reservoirs via enhancement of oil
production through reduction in IFT, oil viscosity, and contact angle (i.e., wettability alteraion towards
a more water wet state).
4.1. Nanocomposite Characterization
To characterize the novel nanocomposite, some of its properties including surface morphology,
crystalline phases, and functional groups were characterized using X-ray diffraction (XRD),
Fourier-transform infrared spectroscopy (FTIR), field emission scanning electron microscopy
(FESEM), thermogravimetric analysis (TGA), and energy-dispersive X-ray spectroscopy EDS and
EDX MAP. The results obtained from this part of the study are presented and discussed in the
consequent sub-sections.
4.1.1. X-ray Diffraction Characterization Test (XRD)
The XRD test (Figure 3) was carried out for precise determination of crystalline phase and size
of the nanocomposite. The morphology of CeO2 @nanoclay nanocomposite is calcined. As shown in
Figure 3, diffraction patterns of CeO2 nanoparticles with different patterns of SiO2 phase shows that
CeO2 is the predominant phase. The governed peaks at angles of 29.15◦ , 48.05◦ , and 56.9◦ are related
to CeO2 crystallography planes of (111), (220), and (311), respectively. A cubic fluorite structure was
identified for CeO2 using the standard data. The mean size of the ordered CeO2 nanoparticles was
estimated from the full width at half maximum (FWHM) using a relationship proposed by Debye
Sherrer [7]:
D = 0.89λ/Bcos θ
(1)
where 0.89 is the shape factor, λ is the x-ray wavelength, B is the line broadening at half the maximum
intensity (FWHM) in radians, and θ is the Bragg angle.
Based on Equation (1) and (111) crystallography plane of the CeO2 , the diameter of the
nanomaterials is calculated as 38.4 nm. A comparison of CeO2 peaks by reference peaks shows a little
shifting to larger angles can be attributed to positioning of the CeO2 in the state of nanocomposite
instead of nanoparticle form. Available peaks at the angle of 27.2◦ correspond to SiO2 and the particle
size is calculated as 27.5 nm [31,58].
4.1.2. Fourier-Transform Infrared Spectroscopy Characterization Test (FTIR)
To determine the chemical composition of the nanocomposites more precisely, we used a FTIR test
(Figure 4). As shown in Figure 4, the infrared spectrum (FTIR) of the synthesized NC (CeO2 @nanoclay)
was on the range of 400–4000 cm−1 wave number and the chemical bonds and functional groups of the
compound were also identified. The large broad bands at 3409 cm−1 and 3626 cm−1 are attributed
to the stretching vibration of O–H in OH groups. The absorption peaks of approximately 1641 cm−1
were attributed to the bending vibration of the C=C stretching. The spectrum of the sample and a
broad peak at 1036 cm−1 , 793.60 cm−1 , and the small peak at 467 cm−1 corresponds to the Si–O–Si (Si–O
bending vibration band and asymmetric stretching vibration of Si–O band). The strong band below
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4.1.2. Fourier-Transform Infrared Spectroscopy Characterization Test (FTIR)
To determine the chemical composition of the nanocomposites more precisely, we used a FTIR
test (Figure 4). As shown in Figure 4, the infrared spectrum (FTIR) of the synthesized NC
(CeO2@nanoclay) was on the range of 400–4000 cm−1 wave number and the chemical bonds and
functional groups of the compound were also identified. The large broad bands at 3409 cm−1 and 3626
cm−1 are attributed to the stretching vibration of O–H in OH groups. The absorption peaks of
approximately 1641 cm−1 were attributed to the bending vibration of the C=C stretching. The
spectrum of the sample and a broad peak at 1036 cm−1, 793.60 cm−1, and the small peak at 467 cm−1
corresponds to the Si–O–Si (Si–O bending vibration band and asymmetric stretching vibration of Si–
O band). The strong band below 700 cm−1 was allocated to the Ce–O stretching mode. A broadband
comparable to the Ce–O stretching mode of CeO2 is seen at 500 cm−1 [59].

Figure 4. FTIR graph of the NC used for precise determination of chemical composition of the NC and
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4.1.3. Field Emission Scanning Electron Microscopy Characterization Test (FESEM)
Field emission scanning electron microscopy (FESEM) can help to determine the surface
morphology of the synthesized nanocomposite. Layer sheet morphology of CeO 2/SiO2
nanocomposite are shown in Figure 5. The particle sizes are approximately 20 to 26 nm that are
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slightly larger than the particle sizes predicted by Debye-Scherer’s (Equation (1)).
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4.1.5. Energy-Dispersive X-Ray Spectroscopy (EDS) and EDX MAP
EDS and EDS-MAP analysis were used in this research work to identify the constituent elements
and the frequency distribution of the elements in the nanocomposite (Figure 7a,b). As shown in
Figure 7a, the EDS analysis confirms the presence of O, Si, and Ce in the novel NC. Atomic and weight
analysis of O, Si, and Ce of the NC are determined as (79.47%, 20.32%, and 0.225%) and (67.91%,
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Figure 6. TGA analysis result used to investigate the thermal stability of the novel NC. The novel NC
has a low weight loss of 8.21% and a high stability at 90 °C, which is a typical upper bound
temperature in petroleum reservoirs.
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dispersion of each element found in a given area in the novel NC, quantitatively. (a) shows the presence of
and dispersion of each element found in a given area in the novel NC, quantitatively. (a) shows
O, Ce, and Si in the novel NC. Atomic and weight analysis of O, Si, and Ce of the NC are determined as
the presence of O, Ce, and Si in the novel NC. Atomic and weight analysis of O, Si, and Ce of the
(79.47%, 20.32%, and 0.225%) and (67.91%, 30.48%, and 1.61%), respectively. (b) shows the distribution and
NC are
determined as (79.47%, 20.32%, and 0.225%) and (67.91%, 30.48%, and 1.61%), respectively.
dispersion of each O, Si, Ce in a given area in the NC based on the EDS-MAP, quantitatively.
(b) shows the distribution and dispersion of each O, Si, Ce in a given area in the NC based on the
EDS-MAP,
quantitatively.
4.2. Nanofluid
Properties

To evaluate the effectiveness and success of a substance used in EOR processes, the performance
of this substance in all stages of design, evaluation, and implementation should be examined and
optimized in a comprehensive way. It is essential to optimize the IFT and contact angle during the
EOR process as any changes in these parameters can greatly impact the oil recovery.
In this research work, to understand the effects of the novel CeO2@nanoclay on improvent of oil
recovery from both sandstone and carbonate reservoirs different characteristics of the nanofluids
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4.2. Nanofluid Properties
To evaluate the effectiveness and success of a substance used in EOR processes, the performance
of this substance in all stages of design, evaluation, and implementation should be examined and
optimized in a comprehensive way. It is essential to optimize the IFT and contact angle during the
EOR process as any changes in these parameters can greatly impact the oil recovery.
In this research work, to understand the effects of the novel CeO2 @nanoclay on improvent of
oil recovery from both sandstone and carbonate reservoirs different characteristics of the nanofluids
prepared by using different concentratioins of the novel CeO2 @nanoclay such as density, pH,
viscosity, conductivity, IFT, zeta potential, and contact angle along with their effect on IFT and
wettability charateristics of the stuided reservoir rocks needs to be examined. Insights obtained from
characterization of the prepared nanofluids sets the foundation for quantitative assessemnt of the
effects of using the novel CeO2 @nanoclay as an additive in the form of a nanofluid on enhancement
of oil production through well-known mechanisms govering performance of EOR processes such
as reduction in IFT, oil viscosity, and contact angle (i.e., wettability alteraion towards a more water
wet state) throuh the interactions between the rock and fluids in the reservoir. The out come of such
complex interactions can potentially lead to unlocking more oil from the pore space and imrpving the
production rate and the recovery factor (RF) of the petroleum reservoir. The tests results are presented
in the Table 3 and then are described and discussed in the cosequent sub-sections.
Table 3. Properties of the nanofluid prepared with different concentrations of the novel NC.
NC
Concentration
[ppm]

Zeta
Potential
(mv)

pH

Viscosity
(cP)

Conductivity
(µs/cm)

Density
(g/cm3 )

IFT
(mN/m)

100
250
500
1000
1500
2000

−20.8
−20.7
−27.1
−20.7
−20
−16.9

6.56
6.25
6.07
5.95
6.01
6.64

1.3
1.33
1.41
1.38
1.41
1.40

169
270
480
380
470
524

0.9992
0.9992
0.9993
0.9996
0.9998
1.0004

28
24
17
23
24
26

4.2.1. Density
The density of the prepared nanofluids at different concentrations is presented in Figure 8. Density
of the prepared nanofluids are on the range of 0.9992 and 1.0004 g/cm3 . As one can see from Figure 8,
the solution density increases with increase in concentration of the NC. An increase in the nanofluid
solution density can lessen the advectve flow instabilty effects caused by hihg mobility ratio in some
petroleum reservoirs.
4.2.2. pH
Variations in the pH values of the prepared nanofluid for concentrations of 100–2000 ppm of the
novel NC is presented in Figure 9. As shown in Figure 9, the pH values of the prepared nanofluids at
different concentrations ranges from 5.95 to 6.64. It seems that NC concentration does not affect the pH
of the nanofluids much.
4.2.3. Viscosity
Figure 10 shows the viscosity values determined for the prepared nanofluids versus different
concentrations of the novel NC (100–2000 ppm). The viscosity the nanofluid ranges from 1.3 cP to
1.4 cP and it changes very little with increase in concentration of the novel NC.

4.2.1. Density
The density of the prepared nanofluids at different concentrations is presented in Figure 8.
Density of the prepared nanofluids are on the range of 0.9992 and 1.0004 g/cm 3. As one can see from
Figure 8, the solution density increases with increase in concentration of the NC. An increase in the
Nanomaterials
10, 2280density can lessen the advectve flow instabilty effects caused by hihg mobility
14 of 26
nanofluid2020,
solution
ratio in some petroleum reservoirs.
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Figure 9. pH values determined for the nanofluids prepared using different concentrations of the
novel NC (100–2000 ppm). pH of the prepared nanofluids is almost insensitive to changes in
concentration of the novel NC.
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Figure 8. Density of the nanofluids prepared with different concentrations of the novel NC. There is
a linear relationship between the density and concentration of the nanofluids.

4.2.2. pH
Variations in the pH values of the prepared nanofluid for concentrations of 100–2000 ppm of the
novel NC is presented in Figure 9. As shown in Figure 9, the pH values of the prepared nanofluids
at different concentrations ranges from 5.95 to 6.64. It seems that NC concentration does not affect
the pH of the nanofluids much.
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Figure 10. Viscosity values determined for the nanofluids prepared using different concentrations of
the novel NC (100–2000 ppm). The viscosity of the prepared nanofluids is almost constant at different
Nanomaterials
2020, 10, of
x the novel NC.
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concentrations

Figure 11. Conductivity of the prepared nanofluids. The minimum and maximum conductivity of
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and 524 µS/cmofare
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of 100and
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and 2000conductivity
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in Figure 12. As can be seen from Figure 12, the measured zeta potential peaks at the concentration
difference between stationary layers of the fluid by increase in the concentration of ions (inter-structural
of 500 ppm. This increase in zeta potential can be interpreted as an indication to increase in potential
charge) attached to the dispersed nanoparticles and the dispersion medium. This can make the
difference between stationary layers of the fluid by increase in the concentration of ions (interprepared nanofluids significantly more stable [64–66].
structural charge) attached to the dispersed nanoparticles and the dispersion medium. This can make
the prepared nanofluids significantly more stable [64–66].
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4.2.6. IFT
Interfacial tension is one of the main parameters affecting performance of EOR processes. This is
because any changes in IFT can affect the amount of capillary number and capillary force in a porous
medium. Any changes in theres two parameters can increase the oil recovery from a petroleum
reservoir [67,68]. In this section, we examined the effect of nanofluids prepared by using different
concentrations of the novel NC. The results of IFT measurement for the prepared nanofluids conducted
by using the pendant drop method are shown in Figure 13. The IFT values measured for the nanofluids
prepared with concentrations of 100, 250, 500, 1000, 1500, and 2000 ppm of the NC determined as
28, 24, 17, 23, 24, and 26 mN/m, respectively. As can be seen from Figure 13, the largest drop in
IFT is observed for the nanofluid prepared with a concentration of 500 ppm. This concentration of
nanocomposite can be considered as the optimum concentration for preparation of nanofluids to
maximize IFT reduction [69]. The reason for the decrease in IFT at this concentration can be attributed to
the increase in conductivity the presence of active ions (charge effect) in the environment [70]. To prove
this effect, according to Figure 11 which shows the conductivity of the prepared nanofluids, one can
see that conductivity of the nanofluids increases linearly with an increasie in concentration [71,72].
However, at concentration of 500 ppm, the graph shows an anomalous behavior where conductivity
increases (increased net charge effect of the ions and the related electrical double-layer interactions in
the environment) at this concentration [73–76]. In addition, according to the result of the zeta potential
test, it shows that there is an anomaly at point 500 ppm, which indicates an increase in the degree of
stability (related to the net charge effect of the solid particles and the related electrical double-layer
interactions) in the environment. IFT of the deionized water and crude oil was measured as 35 mN/m;
while, the optimum concentration provides a 17 mN/m reduction in IFT. In other words, the nanofluid
prepared by using this novel NC is able to reduce the IFT by 48.5% [76–81]. Figure 14 illustrates the
measurements of the dynamic IFTs of nanofluids over a period of steps over time (The final and fixed
values of IFTs are measured from dynamic values. Each time step is approximately equal to 0.5 s.).
4.2.7. Wettability Measurement
Wettability plays a pivotal role in oil displacement through porous media. In a reservoir, the surface
adherence tendency of each fluid differs because there is more than one fluid in the pores. The fluids
compete over sticking to the rock surface with different intensities and contact angles which determines
the wettability of the rock. Wettability alteration from oil-wet to water-wet is a major mechanism in
production of oil by nanofluid in both carbonate and sandstone reservoirs. To evaluate the effect of the

prepared nanofluids, one can see that conductivity of the nanofluids increases linearly with an
increasie in concentration [71,72]. However, at concentration of 500 ppm, the graph shows an
anomalous behavior where conductivity increases (increased net charge effect of the ions and the
related electrical double-layer interactions in the environment) at this concentration [73–76]. In
Nanomaterials 2020, 10, 2280
of 26
addition, according to the result of the zeta potential test, it shows that there is an anomaly at17point
500 ppm, which indicates an increase in the degree of stability (related to the net charge effect of the
solid NC
particles
and the
related
electrical
interactions)
the1000,
environment.
IFT of
the
novel
on contact
angle,
nanofluids
withdouble-layer
concentrations
of 100, 200,in500,
1500, and 2000
ppm
deionized
water
and
crude
oil
was
measured
as
35
mN/m;
while,
the
optimum
concentration
were prepared and then thin sections were prepared using carbonate and sandstone rock samples
provides
17 mN/m
IFT. In other
words, for
the some
nanofluid
bycontact
using this
novel
NC
and
were aplaced
in a reduction
container in
containing
nanofluid
time.prepared
Then, the
angles
were
is
able
to
reduce
the
IFT
by
48.5%
[76–81].
Figure
14
illustrates
the
measurements
of
the
dynamic
IFTs
measured by using the pendant drop method and an image of the oil droplet on the thing sections was
of nanofluids
over a period
of steps
over time (The final and fixed values of IFTs are measured from
captured,
as presented
in Table
4.
dynamic values. Each time step is approximately equal to 0.5 s.).

Nanomaterials 2020, 10, x

Figure 13. IFT measurement results for the prepared nanofluids.
Figure 13. IFT measurement results for the prepared nanofluids.

18 of 26

Figure 14. Dynamically measured water−oil interfacial tension over time at ambient pressure (14.7 psi)
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Sessile drop method was used to investigate the effect of NC at different concentrations on
4.2.7. Wettability Measurement
wettability alteration in both carbonate and sandstone samples as shown in Figures 15 and 16.
◦,
Wettability plays
a pivotal
role1000,
in oil1500,
displacement
porous media.
reservoir,
the
For concentrations
of 100,
250, 500,
and 2000 through
ppm a tangential
angle In
of acontact
of 139
◦ , 53◦adherence
◦ , 90
◦ , 87one
◦ , 75fluid
◦ , and
◦ for
surface
of the
eachcarbonate
fluid differs
because
more
than
in69
the
pores.
113
, 66◦ , 78◦ , tendency
and 90◦ for
samples
andthere
137◦ ,is123
the
The fluidssamples
competewas
over
stickingusing
to thethe
rock
surface
different
intensities
contact
angles
sandstone
measured
sessile
dropwith
method,
respectively.
Theand
nanoflud
prepared
which determines the wettability of the rock. Wettability alteration from oil-wet to water-wet is a
major mechanism in production of oil by nanofluid in both carbonate and sandstone reservoirs. To
evaluate the effect of the novel NC on contact angle, nanofluids with concentrations of 100, 200, 500,
1000, 1500, and 2000 ppm were prepared and then thin sections were prepared using carbonate and
sandstone rock samples and were placed in a container containing nanofluid for some time. Then,

Nanomaterials2020,
2020,10,
10,xxxx
Nanomaterials
2020,
10,
Nanomaterials
2020,
10,
Nanomaterials

19of
of26
26
1919
ofof
2626
19

Nanomaterials 2020, 10, 2280
18 of 26
Although, economic
economic considerations
considerations are
are important
important for
for successful
successful field
field application
application and
and
Although,
economic
considerations
are
important
for
successful
field
application
and
Although,
economic
considerations
are
important
for
successful
field
application
and
Although,

commercializationof
anyadditives
additivesused
usedin
EORprocesses.
processes.Nevertheless,
Nevertheless,the
themajor
majorcost
costfor
forthis
thisnovel
novel
commercialization
ofofany
any
additives
used
ininEOR
EOR
processes.
Nevertheless,
the
major
cost
for
this
novel
commercialization
NC
is
the
cost
of
synthesis
and
mass
production.
As
discussed
earlier
in
this
section,
improvements
NC is
is the
the cost
cost of
of synthesis
synthesis and
and mass
mass production.
production. As
As discussed
discussed earlier
earlier in
in this
this◦section,
section,
improvements
NC
with 500 ppm
NC
altered
the contact
angle
of carbonate
rock
sample
from
139
to 53◦ improvements
(i.e., to more
parameterscontrolling
controllingEOR
EORprocesses
processesby
byusing
usingthis
thisnovel
novelnanocomposite
nanocomposite(CeO
(CeO
was
222@Nanoclay)was
ininparameters
parameters
controlling
EOR
processes
by
using
this
novel
nanocomposite
(CeO
@Nanoclay)
was
in
222@Nanoclay)
water-wet) achieved
(Figure 15).
This
can
be
considered
as
an
optimum
concentration
to
achieve
the highest
by
using
a
very
small
concentration
(500
ppm)
of
the
NC.
At
this
concentration,
the
achieved
achievedby
by
byusing
using
usingaaavery
very
verysmall
small
smallconcentration
concentration
concentration(500
(500
(500ppm)
ppm)
ppm)of
ofofthe
the
theNC.
NC.
NC.At
At
Atthis
this
thisconcentration,
concentration,
concentration,the
the
the
achieved
weattability
alteration
of
initial
wettability
conditions
of
carbonates
towards
a
more
water
wet
state.
nanofluids
prepared
are
capable
of
reducing
the
IFT
and
improving
the
rock
surface
wettability
in
nanofluids
nanofluidsprepared
prepared
preparedare
are
arecapable
capable
capableof
ofofreducing
reducing
reducingthe
the
theIFT
IFT
IFTand
and
andimproving
improving
improvingthe
the
therock
rock
rocksurface
surface
surfacewettability
wettability
wettabilityin
inin
nanofluids
In sandstone
rock
samples,
the
rock
wettability
changes
towards
a
more
water
wet
state
with
increase
both
carbonate
and
sandstone
reservoir
rocks
which
can
lead
into
a
notable
increase
in
oil
recovery
both
bothcarbonate
carbonate
carbonateand
and
andsandstone
sandstone
sandstonereservoir
reservoir
reservoirrocks
rocks
rockswhich
which
whichcan
can
canlead
lead
leadinto
into
intoaaanotable
notable
notableincrease
increase
increasein
ininoil
oil
oilrecovery
recovery
recovery
both
factorfrom
from
petroleum
reservoirs.
in concentration
of
the
NC usedreservoirs.
for preparation of the nanofluids (from 137◦ to 69◦ ).
factor
factor
from
from
petroleum
petroleum
reservoirs.
reservoirs.
factor
petroleum
Table
4.The
The
effect
ofthe
thenanofluids
nanofluids
prepared
withdifferent
different
concentrations
ofthe
theNC
NC
onwettability
wettability
Table
The
effect
the
nanofluids
prepared
with
different
concentrations
the
NC
on
wettability
Table
4.4.
The
effect
ofof
the
nanofluids
prepared
with
different
concentrations
ofof
the
NC
on
wettability
Table 4. The
effect
of
the
nanofluids
prepared
with different
concentrations
of the
NC
onon
wettability
Table
4.
effect
of
prepared
with
concentrations
of
(contact
angle
or
CA)
of
the
tested
carbonate
and
sandstone
samples.
The
contact
angles
were
measured
(contact
angle
or
CA)
of
the
tested
carbonate
and
sandstone
samples.
The
contact
angles
were
measured
(contact
angle
or
CA)
of
the
tested
carbonate
and
sandstone
samples.
The
contact
angles
were
measured
(contact
angle
of the
tested carbonate
and sandstone
samples.
contact
angles
were
measured
(contact angle
or CA)
of or
theCA)
tested
carbonate
and sandstone
samples.
The The
contact
angles
were
measured
by
using
the
pendant
drop
method
and
an
image
of
the
oil
droplet
on
the
thing
sections
were
captured.
by
using
the
pendant
drop
method
and
an
image
of
the
oil
droplet
on
the
thing
sections
were
captured.
by
using
the
pendant
drop
method
and
an
image
of
the
oil
droplet
on
the
thing
sections
were
captured.
by using the pendant drop method and an image of the oil droplet on the thing sections were captured.
Nano
Fluid
Nano
Fluid
Nano
Fluid
Nano
Fluid
Nano
Fluid

Nano Fluid
Concentration Initial
Initial
CA
Concentration
Initial
CA
Concentration
Initial
CA
Concentration
Initial
CA
CA
Concentration (ppm)
(ppm)
(ppm)
(ppm)

Final
CAof
ofCarbonate
Carbonate
Final
CA
Carbonate
Final
CA
ofof
Carbonate
Final
CA
Final
CA
of
Carbonate

FinalCA
CAof
of
Sandstone
Final
CA
ofof
Sandstone
Final
CA
Sandstone
Final
ofSandstone
Final
CA
Sandstone

139
139
139
139
139
139

137
137
137
137
137
137

113
113
113
113
113
113

123
123
123
123
123
123

5353
53
53

90
90
90
90
90

66
6666
66
66

87
8787
87

78
78
78
78
78

75
75
7575
75

90
90
90
90
90
90

69
69
69
69
69

(ppm)
(ppm)
(ppm)

Carbonate
150
Carbonate
150
Carbonate
150
Carbonate
150
Carbonate
150

100

100
100
100
100
100

Carbonate 150
Sandstone140
140
Sandstone
140
Sandstone
140
Sandstone

Sandstone 140

Carbonate150
150
Carbonate
150
Carbonate
150
Carbonate

250

250
250
250
250
250

Carbonate 150

Sandstone
140
Sandstone
140
Sandstone
140
Sandstone
140
Sandstone
140

Sandstone 140

Carbonate
150
Carbonate
150
Carbonate
150
Carbonate
150
Carbonate
150

500

500
500
500
500
500

Carbonate 150

Sandstone
140
Sandstone
140
Sandstone
140
Sandstone
140
Sandstone
140

Sandstone 140

Carbonate
150
Carbonate
150
Carbonate
150
Carbonate
150
Carbonate
150

1000

1000
1000
1000
1000
1000

Carbonate
150
Sandstone 140

Sandstone
140
Sandstone
140
Sandstone
Sandstone140
140

Sandstone 140

Carbonate
150
Carbonate
150
Carbonate
150
Carbonate
150
Carbonate
150

1500

1500
1500
1500
1500
1500

Carbonate
150140
Sandstone

Sandstone
140
Sandstone
140
Sandstone
140
Sandstone
140
Sandstone
140

Sandstone 140

2000

2000
2000
2000
2000

Carbonate
150
Carbonate
150
Carbonate
150
Carbonate
150
Carbonate
150

The effect of nanofluids prepared by using different concentrations of the novel NC on contact
angle and the consequent wettability alteration is far greater than its effect on surface tension. This can
be further elaborated by examining the concept of structural separation pressure [82]. When nanofluid
enters the pore space then it forms a thin liquid film on the rock surface. The presence of nanoparticles
exters a pressure on the thin liquid film or creates a pressure gradient across the thinn liquid film
known as separation pressure or structural disjoining pressure. This leads to an increase in entropy
and mobility of the nanoparticles in the porous medium. As the entropy increases, separation pressure
(disjoining pressure) between the oil and the rock surface separates the oil droplets and increases
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the surface hydrophilicity (i.e., altering the wettability towards a more water wet state). However,
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After a thorough characterization of the newly synthesized nanocomposite and investigation of
its effects on IFT reduction and wettability alteration, additional research work is needed to shed light
on unknown aspects of its application for EOR processes. Core flooding experiments are currently
underway to assess the performance of the EOR procedure with the newly synthesized nanocomposite.
In addition, different combinations of smart water and this nanoclay are being studied to investigate
the possibility of combining the nanocomposite with other EOR approaches as hybrid EOR methods.
The future research work will focus on: Further understating of mechanism of recovery with the
new nanocomposite. Assessment of possible environmental impacts of the nanoclay in the case of its
extensive use. Investigation of the requirement or characteristics of the pore size distribution to use
this nanocomposite. Simultaneous application of this nanocomposite with other chemical EOR agents
such as different surfactants. Study of interaction between this nanocomposite with the PVT of the
hydrocarbon system.
5. Summary and Conclusions
In this research work, first a novel CeO2 @nanoclay nanocomposite was synthesied using
Capsicum frutescens extract and characterised by using various analytical methods including SEM, XRD,
FTIR, TGA, EDS and EDS MAP to investigate its surface morphology, crystalline phases, and functional
groups. Nanofluids were then prepared with concentration of 100, 250, 500, 1000, 1500, and 2000 ppm
of the novel NC. In the next step, different characteristics of the prepared nanofluids such as density,
pH, viscosity, conductivity, IFT, zeta potential, and contact angle as factors affecting performance of
EOR processes to determine optimum concentration of the NC for EOR purposes in selected carbonate
and sandstone reservoir rock samples. The main findings of this research wrok can be summarized
as follows:
(1)

(2)

(3)
(4)
(5)

(6)

(7)

Based on the XRD test results, the morphology of the novel CeO2 @nanoclay NC is calcined
and CeO2 is the predominant phase in the substance. The governed peaks at angles of 29.15◦ ,
48.05◦ , and 56.9◦ are related to CeO2 crystallography planes of (111), (220), and (311), respectively.
A cubic fluorite structure was also identified for CeO2 using the standard data.
The infrared spectrum (FTIR) of the synthesized NC (CeO2 @nanoclay) was recorded in the
wavenumber range of 400–4000 cm−1 . The large broad bands at 3409 cm−1 and 3626 cm−1 are
attributed to the stretching vibration of O–H in OH groups. The absorption peaks of approximately
1641 cm−1 were attributed to the bending vibration of the C=C stretching.
FESEM revealed that the surface morphology of the NC has a layer sheet morphology of CeO2 /SiO2
nanocomposite and the particle sizes are approximately 20 to 26 nm.
TGA analysis results shows that the novel NC has a low weight loss (8.21%) and high stability at
90 ◦ C which is a typical upper bound temperature in petroleum reservoirs.
EDS analysis confirm presence of O, Si, and Ce in the novel NC. Atomic and weight analysis of
O, Si, and Ce of the NC are determined as (79.47%, 20.32%, and 0.225%) and (67.91%, 30.48%,
and 1.61%), respectively.
Density of the prepared nanofluids are on the range of 0.9992 and 1.0004 g/cm3 . The solution
density increases with increase in concentration of the NC. The pH values of the prepared
nanofluids at different concentrations ranges from 5.95 to 6.64. It seems that NC concentration
does not affect the pH of the nanofluids much. The viscosity the nanofluid ranges from 1.3 cP to
1.4 cP and it changes very little with increase in concentration of the novel NC.
The minimum and maximum conductivity of 169 µS/cm and 524 µS/cm are recoreded for
concentrations of 100 ppm and 2000 ppm, respectively. An abnormally high conductivity of
480 µS/cm is recorded for the nanofluid with NC concentration of 500 ppm which matches the
critical micelle concentration or CMC point determined. The measured zeta potential peaks at
the concentration of 500 ppm which is a sign of stabilty of the nanofluid.
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(8)

(9)
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The IFT values measured for the nanofluids prepared with concentrations of 100, 250, 500, 1000,
1500, and 2000 ppm of the NC determined as 28, 24, 17, 23, 24, and 26 mN/m, respectively.
The largest drop in IFT is observed for the nanofluid prepared with a concentration of 500 ppm.
This concentration of nanocomposite can be considered as the optimum concentration for
preparation of nanofluids to maximize IFT reduction. IFT of the deionized water and crude oil
was measured as 35 mN/m; while, the optimum concentration provides a 17 mN/m reduction
in IFT. In other words, the nanofluid prepared by using this novel NC is able to reduce the IFT
by 48.5%.
For concentrations of 100, 250, 500, 1000, 1500, and 2000 ppm a tangential angle of contact of 139◦ ,
113◦ , 53◦ , 66◦ , 78◦ , and 90◦ for the carbonate samples and 137◦ , 123◦ , 90◦ , 87◦ , 75◦ , and 69◦ for
the sandstone samples was measured using the sessile drop method, respectively. The nanoflud
prepared with 500 ppm NC altered the contact angle of carbonate rock sample from 139◦ to 53◦
(i.e., to more water-wet). This can be considered as an optimum concentration to achieve the
highest weattability alteration of initial wettability conditions of carbonates towards a more water
wet state. In sandstone rock samples, the rock wettability changes towards a more water wet state
with increase in concentration of the NC used for preparation of the nanofluids (from 137◦ to 69◦ ).
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